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MONTEREY, CALIFORNIA 93943 ABSTESCT
The pressure profile in a fast bottom directly beneath
the apex of a fluid wedge was investigated experimentally
and compared with a computer model, which used saddle-point
approximations based on image theory to predict the pressure
under varying acoustical and geometrical parameters.
Transducer fluid served as the fluid wedge overlying a water
substrate. The fluid in the wedge was contained in an
enclosed structure and was separated from the substrate by a-
thin Mylar membrane. The density ratio was 0-98 and the
speed of sound ratio was 0.9 1. The experiment was conducted
at a frequency of 88.2 kHz. Data were taken with the enclo-
sure pressurized and nonpressurized for wedge angles of two
through ten degrees, and with projector elevation angles at
one-half and one-quarter the wedge angle. The experimental
results agreed with theoretical predictions. Additionally,
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I. INTRODCCTION
In a shallow water envircnment, characterized by a
contineiitcil shelf, sound energy radiating from a seaward
source propagates up the slope toward the shoreline, the
apex - the confluence of the water and bottom incline.
Assuming isospeed conditions and the absence of reflectors
in the water, the energy proceeds towards the apex via rays
along a direct path, along rays which reflect from the
water-bottom and air-water interfaces, and along rays which
refract and diffract. Clearly, the specific paths of the
rays are dependent upon acoustical and geometrical condi-
tions which prevail in the shallow water environment. A
number of theories, most notably, normal modes, ray, and the
method of images, predict that sound energy travelling up a
tapered fluid wedge will be transmitted into a fast bottom
substrate in distinct beams of sound [Hefs. 1^2,3]- Figure
1,1 depicts the fluid wedge gecnetry.
In 1978, Kawamura and loannou [ Ref . 4] investigated the
acoustic energy transferred froii a tapered fluid wedge into
a fast fluid bottom. By computing the distribution of pres-
sure amplitude and phase along the interface of the boundary
separating the fluids. Comparing their measurements with a
model based on a combination of normal modes and ray theory,
they accurately predicted the location of the pressure
maximum below the apex, but could not account for the struc-
ture experimentally found below the depth of maximum pres-
sure- Subsequent effort [Ref. 1 ] was channelled in the
reexamination of the theory i r. an effort to explain the
observed pressure. Ihis examination led to the conclusion
that the beams entering the substrate at different distances
from the wedge apex interacted causing phase interference.
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which produced the structured profile. In general, the
pressure increased linearly with depth beneath the apex,
peaked, and then experienced a series of pressure minima and
maxima. The effort culminated in a computer model, hased on
image theory, that employed saddle-point approximations to
predict the pressure profile beneath the apex. The model
predicts the sound field for various acoustical parameters
(substrate absorption, densities, and speeds of sound) and
geometrical parameters (wedge angle (/^) and projector angle
(y)). It was designed for a source at infinite distance,
small wedge angles, and small absorption in the substrate.
Use of saddle-point approximations restricts the area of
validity to a region directly beneath the wedge apex.
[Refs. 1/5]-
Applying the method of images to the case of a fluid
wedge overlying a fast bottom £ Eefs. 6,7,8], the images lie
on a circle with the wedge apex as the center (see Figure
1.2) . The images closest to the source correspond to rays
which make small grazing angle reflections from the two
surfaces of the fluid wedge. The images further from the
source correspond to rays with greater angles of elevation
or depression. These rays suffer more reflections from the
wedge surfaces as they proceed up the wedge and, conseq-
uently, experience greater energy loss than the rays repre-
sented by the images closer to the source- Assuming smooth
wedge surfaces, the complex acoustic pressure is obtained by
summing the contributions of the source and the images-
As the rays propagate up the wedge, their angle of inci-
dence increases with each reflection from the surfaces until
the grazing angle becomes greater than the critical angle,
Q^, and energy is transferred into the bottom. The closest
distance from the apex at which energy is transfered to the
substrate is called the dump distance.
12
X = c (egn 1.1)
4 X f X tan { e^ ) x Tan (3 )
where:
f = the freguency of the source
©j_ = critical angle (Cos' {c^/c))
3 = wedge angle
c = speed of sound in the substrate
The experimental model of a slow fluid wedge overlying a
fast bottom used in this present research effort was similar
to the model used by Kawanura and loannou [Eef- 4].
However, this experiment used a much larger and fully
enclosed structure capable of being pressurized. Transducer
fluid was used in the wedge and tap water served as the fast
bottom. The experiment was conducted at a frequency of 88.2
kHz, density ratio [f^/p ) of 0.98, and speed of sound ratio
(c^/c ) of 0.91. Data were taken with the fluid wedge at
various angles from two to ten degrees, with the projector
at either, one- half or one-guarter the wedge angle.
Additional measurements were obtained at wedge angles of
four, six, and eight degrees with the fluid wedge enclosure
pressurized.
The primary objectives of this experimental research
effort were:
A. To determine the fine scale structure of the
pressure profile in a fast bottom and to compare the
results against theoretical predictions obtained from
the computer mcdel.
B. To compare the results obtained when the enclosure
was pressurized to the results obtained for similar
conditions when the enclosure was nonpressurized.
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C. To determine if projector location within the fluid
wedge alters the pressure profile for a similar wedge
angle and projector depth.
ia
15
Figure 1.2 Geometry of a wedge by the method of images
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II. THEORY
The expression for the pressure in the substrate is
derived from the Method of Images, which assumes distant
image pairs, in conjunction with Green's Intregal Function
[Eef- 1]. The equation for the pressure in a lossy subs-
trate is given as:
pN/TI/t) = (j/4)Ci^p(^L:t^l^)CZ A^«iXp(-^fLXa\>)I^ (egn 2,1)
"Where:
CO
k = k-j = k (1-j ) ; K = w/c
kX = T / 2(2TanO Tan } ; = Cos (c /c)
a = CosO / CcsO
Nondimensional factors ;
V = -x/X ; 1\ = z/X ; r = { (x'/X + V )^ + ^X^ } ''^
X = dump distance
f3 = wedge an gle
See Figure 2,1 for wedge geometry and nomenclature.
Equation 2-1 can be further simplified by applying
saddle-point techniques, which further restrict the applica-
bility of the final expression. Evanescent, refracted, and
diffracted waves are all affected by the constraints imposed




F {.A. ) is a Fresnel Intregal which describes the
transition between a diffracted and refracted arri-
vals.
A convenient case is when V is allowed to go to zero.
THEN, FCE FINITE VALUES OF "/] ^ ^ IS EQUAL TO "Tr/2 . THIS
effectively reduces the number of constraints on eguation
2-2 to the following:




This restricts the applicabilit ;y of eguation 2-2 to a depth
greater than a wavelength and in the region directly below
the wedge apex.
The interested reader should consult reference (1) for
the details in the evolution of eguation 2-2. Additionally,
reference (1) provides similar eguations for a lossless
substrate and compares the solutions obtained by the saddle-
point and the end-point methods.
Eguation 2.2 was programmed for a Wang 2000 desX-top
computer [Ref. 1] and this program {"WEDGE17") was used in



















A. SDMMAEI OF APPARfilOS FONCTICNS
The experimental facility consisted of a rectangular
enclosure which contained a wedge of transducer fluid, the
slow medium, suspended over a wooden tank filled with tap
water, the fast bottom substrate. The two liquids were
separated by a thin Wylar membrane. The enclosure could be
pressurized by a hand pump through an air control valve on
the top of the enclosure. The desired wedge angles were
achieved by elevating one end of the enclosure. The
projector, located on the longitudinal centerline of the
enclosure, was positioned opposite the apex. It transmitted
a pulsed signal up the wedge towards the apex. The
projector was restricted to two horizontal locations along
the longitudinal axis of the enclosure: 87.31 cm and 57.0 cm
from • the wedge apex. However, at each of those locations
the projector could be positioned vertically anywhere withi-n
the fluid wedge enclosure. All experimental events except
one were conducted with the projector at a distance of 87-.31
cm. The transmitted pulsed signal was received by two LC-10
hydrophones; one located in the wedge enclosure and the
other in the water tank directly beneath the apex. Ihe
received signals were amplified and then measured on the
Nicolet oscilloscope. A photograph of the experimental
facility is shown in Figure 3.1. Figure 1.1 provides an




The water tank was one cf the tanks available in the
underwater acoustics laboratory at the Naval Postgraduate
School. The tank was constructed of plywood with the
following interior dimensions; length - 70.5 in.; width -
34.5 in.; and depth - 23.75 in. The inside surfaces were
painted with Varathane. To reduce bottom reflections, a pad
of rubier cone absorbers was placed on the bottom of the
tank beneath the apex. The tank was filled with water from
a tap at the site. The water temperature remained rela-
tively constant during a given measuring event. However,
the temperature ranged from 20.8 to 21.2 degrees Celsius
through the entire duration of this study. The water level
was maintained at the same height as the top surface of the
transducer fluid within the enclosure. Thus, it was neces-
sary to adjust the water level for each increment in the
wedge angle. Figures 3.2, and 2.3 are drawings of the water
tank and the enclosure.
2.
.
Fluid Hed^e Enc losu re
The enclosure was a rectangular box constructed of
aluminum, plexiglass, and Mylar components. The enclosure
is shown in Figure 3.4. Its dimensions were as follows:
length - 37.0 in.; width - 16. C in.; and height - 8.5 in.
It was fabricated of 0.5 in. thick aluminum sidewalls, 0.5
in. thick plexiglass top, and a 0,5 mil thick Mylar bottom
membrane.
On the interior side of the backwall (projector end)
five lines were etched which corresponded to the fluid
levels necessary to achieve wedge angles of two, four, six,
eight, and ten degrees. Additionally, two strips of meas-
uring tape, graduated in millimeters, were placed on the
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tackwall from the Mylar bottom to the plexiglass top. This
provided a means of determining the fluid depth for wedge
angles other than those listed above. Additionally, the
backwall contained a 0.75 in. diameter drain port which was
used to drain the fluid from the enclosure upon completion
of the experiment. A compass-rose (protractor head) and
trass weight assembly was attached to the right sidewall
near the apex. The compass-rose could be read to one-
twelfth of a degree. Unfortunately, the assembly proved to
be less reliable than intended, thus it provided only rough
estimates of the wedge angle. Inside of the wedge enclo-
sure, four cylindrical aluminum strength members were
installed perpendicular to the long aluminum sidewails.
They were equally spaced along the length of the sidewails
and on a ten degree incline frcm the apex frontwall to the
projector backwall. The starting point of the incline was
placed 1.0 in. above the wedge apex so that at no time would
the strength members make contact with the fluid wedge. The
strength m'embers were installed to maintain the designed
distance between the long sidewails while under tension from
the stretched Mylar. Previous work [Ref. 4] indicated that
the tension in the Mylar caused the sidewails to bend
inward. The strength members served their purpose.
A plexiglass top was selected to allow the depth of
the fluid wedge to be observed and to allow the depth of the
fluid wedge. Projector A, and Receiver A to be measured.
The top contained four access openings which were designated
A,B,C, and D- The first three access openings were cut
along the longitudinal centerline while access D was off-
center at the projector end of the enclosure. Access A was
designed to hold an lC-10 hydrophone. Receiver A. This
receiver's purpose will be discussed in subsection 4.
Access B served as the main fluid inlet port and as the
position for the projector during the final event of the
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experiment- Access C served as the projector access for all
events, except one. Access C contained the air control
valve used for pressurizing and decompressing the fluid
wedge enclosure. Accesses c, C, and D were fitted with
circular plexiglass cover plates that were grooved on the
interior face, A rubber "0" ring was inserted in the
groove. The cover plates weie fitted with four to six
screws, which held them in postion while exerting pressure
on the "0" ring to produce an airtight seal of the access.
Access A and the cover plate for Access C contained similar
brass fittings that pierced the plexiglass and locked in
position the shafts of Receiver A and Projector A respec-
tively- The fittings consisted of an exterior threaded
coupling with a bored threaded nut. Inside of the nut were
two tapered nylon bushings. The opening through the
fittings was made airtight by tightening the nut down upon
the coupling, forcing the nylon bushings to collapse around
the inserted shaft. Use of flexible nylon bushings allowed
the fittings to be adjusted repeatedly during the experiment
without fear of compromising the airtight integrity of the
fluid wedge enclosure. Rhen the- projector was shifted
forward to Access B the two cover plates were simply inter-
changed- This minimized the nuober of fittings required for
the enclosure.
A thin Mylar membrane was selected to provide an
acoustically transparent membrane between the liguids.
Before the Mylar could be attached to the bottom of the
enclosure, it was necessary to stretch it as tight and flat
as possible to minimize all surface irregularities and
bowing. The stretching was acccmplished in a two-step oper-
ation- First, the Mylar was stretched and taped down to the
flat glass top of a mechanical drawing table. Ordinary
masking tape did an excellent job in holding the mylar in
place. Ninety-five percent of all the wrinkles in the Mylar
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were eliminated during this stej. The second step employed
a wooden Mylar stretcher mechanism which further stretched
the Mylar longitudinally and laterally by pulling handles
connected to free moving arms that rode on the stretcher's
guiderails. Figure 3.5 is a photograph of the Mylar
strecher. Royal Bond Grip, a water resistant glue that must
he applied to both surfaces being bonded, was brushed on the
Lottom of the stretcher's perimeter, the longitudinal and
lateral arms, and on the corresponding areas of the Mylar.
After allowing the Grip to dry for approximately 10 minutes,
the stretcher was placed on the Mylar. Weights were placed
on the arms and around the perimeter of the stretcher to
provide additional pressure on critical areas. The Grip was
allowed to cure for six hours- The Mylar was then ready to
be stretched by the arms. The bottom of the arms, which now
were glued securely to the Mylar, were allowed to travel in
their directions by sliding along the glass top of the table
and guiderails of the stretcher- The weights were then
removed from the arms which were subsequently pulled sepa-
rately approximately 0.5 inches in each direction until the
Mylar was fully stretched • and presented a " mirror- liJce"
surface. To prevent slipping under the increased tension,
the arms were locked into position with wing nuts and the
weights reapplied. The stretcher successfully stretched the
Mylar approximately three inches further than achieved in
step one.
The bottom of the enclosure and a strip one inch
wide around the aluminum sidewalls were sanded to provide a
rough surface for the Grip which was subsequently applied to
those areas. Before applying Grip to the desired area on
the Mylar, a pattern was made of the 36 in. by 15 in-
intericr bottom area of the enclosure. The pattern was then
placed on the Mylar as a guide for applying the Grip on that
surface. Once the Grip dried, the fluid wedge enclosure was
2^
placed on the Mylar vith particular care to ensure that the
glued bottom of the enclosure matched-up with the glued
rectangle on the Mylar. Additional weights were placed on
the top of the enclosure and the Grip was allowed to cure
for 24 hours.
At the end of the curing period, the Mylar was cut
approximately one inch from the enclosure with a razor
tlade. The enclosure was then lifted so that it rested on
its front sidewall in a vertical orientation. With the
enclosure in this position. Grip was applied to the one inch
of excess Mylar around the enclosure and to the previously
sanded areas of the aluminum walls. After the Grip dried,
the excess Mylar was pulled tightly and then glued to the
vails of the enclosure. The excess Mylar provided an extra
margin of safety in the event that the Mylar glued directly
to the 0-5 in. border of the enclosure's bottom gave way as
a result of the upward force of the water, the weight of the
tranducer fluid, or the enclosure's pressurization.
Dpon completion of the Mylar installation, two
aluminum arms were attached to the enclosure which allowed
the enclosure to be suspended over the water tank. The
short pivot arm was attached to the backwall (projector
end) . The arm was connected to a short length of angle iron
that fit over the interior lip cf the water tank. The angle
iron had one set screw at each end that could be adjusted to
level the enclosure. The long arm was attached to the
frontwall (apex end) and extended to a horizontal tar
assembly at the opposite end of the water tank. The desired
wedge angles were achieved by raising the horizontal bar,
thus lifting the long arm and forcing the fluid wedge enclo-
sure to pivot on the short arm. The long arm also contained
a receiver assembly which controlled the positioning of
Eeceiver B, an LC-10 hydrophone, in the water tank beneath
the apex of the fluid wedge.
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3 • Projector A
The transmitter was required to have a narrow hori-
zontal beam pattern, a broad vertical beam pattern, and a
resonance frequency near 100 kHz. It became necessary to
build a transducer. Projector A, for the experiment since
numerous available transducers were found unacceptable.
Jigure 3.6 is an illustration cf Projector A. The projec-
tor's active element was a solid block of a piezoelectric
ceramic having the following dimensions: length - 3.4 cm;
height - 1.91 cm; and thickness - 1.27 cm. The projector
housing which held the element was made from a solid piece
of plexiglass. A 0.375 in. hole was drilled in the top of
the housing for inserting the projector's cooper shaft. A
smaller hole was bored from the interior backwall of the
housing to the shaft hole which allowed the electrical leads
access from the shaft to the element. Thin computer wire
served as the electrical leads. Input and ground leads were
drawn through the copper shaft and out the small hole bored
in the housing's interior backwall. The element was polar-
ized in the thickness mode with the ground lead soldered to
the front active face while the input lead was soldered to
the opposite face. At the ether end, the leads were
connected to a standard two-prcnged electronic plug, which
allowed rapid dismantling when the plug would not fit
through auxiliary apparatus. The element was insulated on
five sides with 0.125 in. thick neoprene and then slipped
into its postion in the housing. The element was held
securely in place by a small lip that extended from each of
two plexiglass side-caps which were screwed into the
housing. The projector housing was then dipped in li<iuid
neoprene to seal it and allowed to dry for 12 hours. A 10
cm length of tape, graduated in millimeters, was placed on
the shaft starting at the confluence of the shaft and
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Lousing and extending up the shaft. The projector's depth
vas then read from the tape- The projector's resonance
frequency was 88.2 khz with a strong harmonic at 161.5 khz.
The projector's shaft, 0-375 in- by 51 in-, was made exces-
sively long to facilitate measuring the vertical directivity
pattern. The horizontal and vertical directivity patterns
will te discussed in section III-B-3.
^- Receivers and Receiver Assembly
Two LC-10 hydrophones were used as the receivers
throughout the experiment. As mentioned earlier. Receiver A
was located in Access A- It monitored the quality of the
signal propagating in the fluid wedge and assisted in
ensuring that the acoustic axis of the projector was prop-
erly aligned with the longitudiral centerline of the enclo-
sure each time the projector was raised or lowered-
Receiver B was located in the tap water and secured
by an aluminum assembly which was comprised of a securing
block, containing the receiver, a sliding block located on
the long arm, and a rod which connected the blocks.
Although the sliding block could be moved along the entire
length of the long arm, it remained fixed at distance of 20
cm from the fluid wedge enclosure. The rod was fixed in the
securing block but was allowed to pass vertically through
the sliding block by adjusting a thumb screw. Therefore,
adjusting the rod raised cr lowered the receiver.
Millimeter graduated tape was placed on the rod and provided
the means for measuring Receiver B's distance from the wedge
apex. The initial position for Receiver B was in the water
with its acoustic center directly beneath the apex of the
fluid wedge in the vertical plane of the projector's
acoustic axis. As the rod was lowered in the water, it
remained parallel to the front sidewall while the receiver
remained perpendicular to the red and the frontwall. Figure
3.7 shows Receiver B and the receiver assembly.
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5- Electronic Equipment Se t-up
Figure 3.8 provides a block diagram of the eguipment
set-up. Figure 3. 9 is a photograph of the eguipment. The
projector vas driven ty a Hewlett-Packard 331 4A Function
Generator. The settings were as follows: frequency - 88.2
kfiz ; amplitude - 6.0 v; and tone burst - 32 cycles. The
digital function generator consclidated the functions of an
oscillator, tone burst generator," and frequency counter in
one unit. All system outputs were monitored readily by
reading a digital display. Its flexibility proved useful
when the tone burst had to be adjusted to assist in identi-
fying and measuring the correct signal. The output signal
from Receiver B was first patched through an Ithaco 120 1 Low
Noise Preamplifier and then on to channel A of the Nicolet
Oscilloscope. The preamplifier settings were as follows:
gain - Ik; highpass filter - 3k; and low pass filter - max.
The preamplifier successfully suppressed 60 Hz noise and
amplified the signal appropriately. The output signal from
Receiver A was passed through a 60 Hz filter which was
inserted into a Hewlett-Packard 465A Amplifier set at 40 dB
gain and then on to channel B of the Nicolet Oscilloscope.
The Nicolet displayed simultanecusly both output signals and
allowed the presentations to be expanded and stopped. "When
required the output of the function generator was also moni-
tored on the Nicolet. By aligning a horizontal cursor to
the signal, the voltage amplitude was read from a digital
read-out in the lower right hand corner of the display area-
Time was obtained by adjusting a vertical cursor and reading
a second digital read-out in the lower left hand corner of
the display area. The Nicolet was synchronized externally
by the function generator.
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6 . Aux iliary A£_gara t us
Ihe following additional equipment was used during
various aspects of the experimect:
a. Measuring the Speed of Sound:
(1) Plastic rectangular tub
(2) Aluminum stand assembly
t. Measuring the Densities of the Liquids:
(1) ASTM graduated cylinder
(2) Analytical balance with weights
c. Filling the Enclosure with Fluid:
(1) 1000 ml plastic pitcher
(2) Plastic funnel with Tygon tubing
d. Measuring the level of the Enclosure and
Pressurizing the Enclosure
(1) Plastic level
(2) Portable hand pump
C. PEOCEDOEE
Prior to commencing the actual data measuring events,
the speeds of sound and the densities of the transducer
fluid and tap water were measured. This was done to verify
that the speed of sound of the transducer fluid was indeed
slower than that of the tap water. Also, it was mandatory
to calculate the speed of sound and density ratios as they
were recjuired variables in the computer model.
Additionally, the horizontal and vertical far-field direc-
tivity patterns of Projector A were measured to verify the
projector's usefulness for the experiment.
1. Sound Speed Measure men t£
The speeds of sound of the two liquids were measured
using identical equipment set-ups. A plastic tub measuring
45 cm by 30 cm by 25 cm was filled with the appropriate
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liquid to a depth of 20 cm. Projector A and two LC-10
hydrophones, Receivers A and B, served as the transmitting
and receiving units respectively. Two aluminum vertical
stands with an aluminum bar clamped between them were posi-
tioned so that the plastic tub was set between the stands
and directly beneath the bar. The two receivers were
clamped to the bar with a distarce of 35.0 cm. between them
and lowered into the liquid so that their acoustic centers
were at a depth of 1 cm. The projector was clamped to the
bar and placed 10 cm. ahead of Receiver A, lowered into the
liquid, and aligned acoustically with the receivers.
Therefore, the order from left to right in the tub was
Projector A, Receiver A, then Receiver B. The projector was
driven by the Hewlett-Packard 5314A Function Generator and
transmitted a pulsed 100 kHz signal. The output leads of
the receivers were patched tc 60 Hz filters which were
connected to Hewlett-Packard 465A Amplifiers set at 20 dB.
The output of the amplifiers was fed into the appropriate
channel of the- Nicolet Oscilloscope.
The time for the signal to transit from Receiver A
to Receiver B was measured- The speed of sound was then
calc'jilated by dividing the distance between the receivers by
the measured time delay. The speeds of sound of the trans-
ducer fluid and the tap water were 1377.07 m/s and 1509.14
ffl/s respectively.
2. Density Measurements
The densities of the liquids were measured by
initially weighing an empty ASTM 100 ml graduated cylinder
on an analytical balance which was accurate to one-tenth mg.
The cylinder was then filled with 100 ml of the liquid to be
measured and then weighed on the analytical balance. The
weight of the liquid was found by subtracting the weight of
the empty cylinder from the weight of the full cylinder.
-)
The density was derived by aultiplying the weight of the
liquid in grams by 1000 and then dividing the product by the
100 ml volume to obtain the density in kg/m. The calculated
densities were 975.0 kg/m and 992-0 kg/m for the the trans-
ducer fluid and tap water respectively.
3- Directivity and Beam width Measurements
The projector's far-field horizontal directivity
pattern had to be narrow enough to ensure that minimal sound
energy was reflected off the aluminum sidewalls while its
far-field vertical directivity jattern had to be wide enough
to ensure nearly complete ersonification of the fluid
surface and the Mylar membrane. The experimentally obtained
directivity patterns compared favorably with theoretical
expectations. Figures 3.10 and 3.11 illustrate the compar-
ison between experimental and theoretical results for the
horizontal and vertical far-field directivity patterns
respectively. Figures 3.12 and 3-13 depict the directivity
patterns within the enclosure for the horizontal and
vertical patterns respectively.
The theoretical directivity for a rectangular piston
is: [Eef. 6]
H(e,(t)) = Sin (1/2 KljSine) Sin (1/2 KL sin(J)) (egn 3-1)
(1/2 KL, sine) (1/2 KL^sincJi)
Where:
L, = horizontal dimensicn of the active face
L^ = vertical dimension of the active face
K = w/c = Wave number
e = horizontal angle measured from a major radiation
axis
<() = vertical angle measured from a major radiaton
axis
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In this case when the horizontal directivity is
desired, ^ is set to zero. Conversely, when the
vertical directivity is desired, 9 is set to zero.
The horizontal directivity was measured in the fluid
wedge enclosure. The enclosure was placed level (zero
elevation angle) and filled with transducer fluid to a depth
of 8.0 cm. Receiver A was placed in Access A and lowered
into the fluid so that its acoustic center was at U cm.
below the fluid surface. The receiver output lead was
connected to the Y-input of an X-Y plotter, a voltmeter, and
channel B of the Nicclet oscilloscope. Projector A's shaft
was placed through an electrical-mechanical device which
when operated rotated the projector through 360 degrees.
The device with the projector installed was then placed on
the top of the fluid wedge enclosure over the Access C
opening and the projector was lowered into the fluid so that
its acoustic axis was 4 cm below the surface and acousti-
cally aligned with Receiver A. The output lead of the
rotating device was connected to the X-input of the X-Y
plotter. The output of the X-Y plotter produced a hori-
zontal directivity.
As a matter of convenience, the vertical directivity
was measured in the water tank with tap water as the medium.
Again, Projector A and Receiver A were utilized as the
transmitting and receiving units respectively. As indicated
from equation 3-1, maintaining the same wavelength produces
an identical directivity pattern. A frequency of 96.6 kHz
in water with a speed of sound of 1509.14 m/s produced the
same wavelength as a frequency of 83.2 kHz in transducer
fluid with a speed of sound of 1377.07 m/s.
The equation for determining the beamwidth of the
main lobe of the horizontal or vertical far-field direc-
tivity function is as follows; [Eef- 9]
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Ae or A(|) = 2 Sin ( x c / f 1 ) (egn 3.2)
vhere:
Ae = horizontal beamwidth
AiJ) = vertical beamwidth
c = speed of sound of the medium
f = frequency of the projector
1 = the horizontal or vertical dimension of the
piston
X = Factor derived for the desired main lobe
decibel (dB) down pcint. (As an example
for -3 dB, X = .443; for -6 dB, x = .603;
and for -180 dB (null), x = 1)




dB Down Horizontal Beamwidth Vertical Beamwidth
Point Theory Experimental Theory Experimental
-3 9..55 8. 42, 42 50.
-6 12,.97 11. 6 59, 00 60,
-180 21..40 20. 109. 52 78,
The inner boundary of the far-field of the projector
was obtained from the following equation: [Ref. 9]
E = TTf {(L/2)2+ (1^/2)2} (egn 3.3)
where:
1 = Horizontal dimensicn of the active face
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L^ = Vertical dimension of the active face
c = Speed of sound of the medium
f = Frequency of the projector
Tor Projector A, E eguals 37.34 cm,
'^^ Fluid-Wedge Angle Measurements
It was originally intended to measure the fluid-
wedge angle by reading the ccmpass-rose attached to the
sidewall of the wedge enclosure. The compass-rose readings
proved too inconsistent to be used alone for obtaining the
wedge angle. However, it did provide useful estimates of
the wedge angle during the time that the enclosure was being
prepared for each measuring evert. As a result, the etched
lines on the backwall of the enclosure in conjuction with
the graduated measuring tape en the backwall were relied
upon to furnish accurate fluid depth readings. The a^-ex
measurement was strictly a visual determination as to
whether cr not the fluid made contact with the most forward
part of the Mylar at the interior side of the frontwall.
Before each measurement the Mylar surface was inspected to
ensure that no wrinkles or bowing was present.
5- Measurements of the Pressure Profile Beneath the
Each measuring event fcllowed a standard procedure
for setting the fluid wedge angle and the depths of the
projector and receivers.
The horizontal bar, that supported the long arm of
the enclosure, was raised and clamped into position. The
compass-rose was checked to verify that the enclosure had
been elevated to form the desired fluid wedge within the
enclosure. If not, the horizontal bar was adjusted until
the wedge angle was reached. The level of the enclosure was
checked using a plastic level mounted on the top of the
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enclosure. When reguired, the set screws on the angle iron
of the pivot arm were adjusted so that the enclosure was
level in relationship to the water surface in the tank. Tap
water was then added to the tark until the water just made
contact with the Mylar at the interior edge of the enclo-
sure's frontwall. Because of the density difference between
the fluids, the addition of the water caused the Mylar to
wrinkle and bow inward unless a compensating quantity of
fluid was added to the enclosure.
Transducer fluid was poured slowly into the enclo-
sure using a plastic 1000 ml pitcher in combination with a
plastic funnel which had a short length of Tygon tubing
attached to its outlet. The funnel was placed in Access 3
(fluid inlet port) with the tubing set along the sidewall
submerged in the fluid. This procedure minimized the intro-
duction of air bubbles into the fluid. Transducer fluid was
added until the leading edge of the fluid wedge, advancing
up the incline, reached the apex position at the frontwall
and the fluid level at the tackwall reached the proper
depth. The liguid levels and wedge angle were adjusted as
necessary until achieving the desired wedge angle and a flat
"mirror-like" Mylar surface.
Receiver A was lowered into the fluid until its
acoustic axis was midway between the Mylar and fluid
surface. Receiver B was positioned in the tap water with
the acoustic center directly beneath the apex of the fluid
wedge on the center line of the frontwall. Projector A was
positioned in the fluid wedge with its acoustic axis at a
depth equal to either one-half or one-guarter the wedge
angle. (Readings were taken with the projector at both
depths.) While the outputs cf the receivers were being
monitored, the projector was aligned so that its acoustic
axis coincided with the longitudinal centerline of the
enclosure, and then locked in position. Receiver A was then
retracted from the fluid to eliminate possible interference
or reflections caused by its presence.
Voltage amplitude readings were then ready to be
taken and recorded. Figure 3.9 provides a block diagram of
the equipment set-up. Receiver B was lowered in the tap
water directly beneath the apex in the vertical plane of the
projector's acoustic axis until the maximum voltage ampli-
tude was located and recorded. The receiver was then
returned to the start point where the initial readings for
the measuring event were taken. As Receiver B was lowered
in the water, depth and voltage data were taken in 0.5 cm
increments until a depth was reached which corresponded to a
nondimensional depth (z/X) of approximately 3.0. The number
of data points required ran-ged from a high of 74 for a two
degree wedge angle to a minimum of 32 for a ten degree wedge
angle.
Measurements taken at fcur, six, and eight degrees
were taken with the enclosure pressurized as well. The
procedure was the same as described above except that a
small amount of fluid (approximately 0-1 cm according to the
backwall tape) was added to the enclosure to compensate for
the downward force which subsequently would be exerted upon
the fluid by pressurizing the enclosure. The enclosure was
made airtight by sealing all a.ccess ports securely and
tightening the fittings that held the shafts of Projector A
and Receiver A- Once airtight, the air hand pump was
attached to the air control valve and the enclosure pressur-
ized. Pressure was admitted until the leading edge of the
fluid receded from the frontwall of the enclosure and the
fluid level dropped below the desired depth. The pump was
then disconnected and air was tied from the enclosure until
the leading edge of the fluid just touched the frontwall and
the depth of the fluid was at the desired level. Again, the
surface of the Mylar was inspected to ensure that it was
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flat and "mirror-like." The difference in densities was 17
kg/m, thus minimal pressure, approximately 0.04 ounces per
square inch, was required to equalize the forces on the
Mylar membrane. When the projector had to be repositioned
for the second reading of an event, the enclosure was
repressurized and the wedge stabilized as before.
Data were taken from the Nicolet oscilloscope by
visual integration. Generally, reflections were well sepa-
rated from the signal. However, when reflections did
overlap the signal, the surface of the. water was agitated,
thus revealing the reflected signal. When Receiver E was
approaching a minimum in the pressure profile, the signal
became quite distorted which degraded the ability to visu-
ally integrate the signal. Conversely, during periods when
the amplitude was increasing or at a maximum the signal was
well formed and produced acceptable data. During the final
measuring event, the projector was moved forward to Access B
to determine whether or not projector location affected the
pressure, profile. The signal received during that event was
superior to all other signals obtained in previous events.
Regardless of the pressure profile, the signal was sharp and





































































































































The results of the experiment are best presented in four
phases, which relate to the objectives listed in the
Introduction. Phase I will comfare the experimental results
of a nonpressurized enclosure tc the theoretically predicted
results. Phase II will compare pressurized results to theo-
retical and nonpressurized results for similar acoustical
and geometrical parameters. Phase III presents comparison
of the depths of maximum pressure as functions of wedge
angle for nonpressurized and theoretical data for two
projector elevation angles- Phase IV will discuss the data
obtained when the projector was repositioned closer to the
apex. lor Phases I, II, and IV, the figures display the
normalized pressure amplitude as a function of nondimen-
sional depth, z/X, where z is the depth of Receiver B below
the apex and X is the dump distance. The figures illus-
trating Phase IV plot the nondimensional depth of the first
maximum pressure as a function of wedge angle for each of
the two projector elevation angles. In addition to identi-
fying the curves being compared, the figures list the appro-
priate acoustical and geometrical parameters.
A. PHASE I - EXPEEIMENTAL AilPLITODES VERSOS THEORETICAL
PREDICTIONS
Figures ^.^ through 4.9 compare measured and theoretical
pressure amplitudes as a function of depth for five wedge
angles (^): 2-22, 4.12, 6.0, 8.0, and 10.0 degrees. Each
plot represents one wedge angle and one of two projector
elevation angles ( X^ ) , either one-half or one-quarter the
vedge angle. With the exception of the 2.22 degree wedge
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angle, all wedge angles were plotted twice. The vertical
dimension of the projector's active face prevented its
acoustic center from teing lower than 1.03 degrees from the
Mylar membrane, thus the projector could not be lowered to
the one-guarter elevation angle of the first wedge angle.
Figure U.I ( /9 = 2.22, ^ = 1.11 ) indicates a most
favorable comparison. The depth at which the maximum pres-
sure occurs coincides while the remainder of the profile
parallels the predictions with only a slight off-set. The
data indicates a larger second maximum than expected, but
the third maximum is of the same amplitude as predicted,
although observed slightly farther from the apex. The two
minima, immediately following the maximum pressure, occur at
the predicted depth, but at greater amplitudes.
Figure 4.2 (/3= 4.12, )^ = 2-06 ) shows agreement for the
depth of maximum pressure and subseguent first minimum.
Additionally, agreement is found in the depth region from
1-5 to 2.8, though displaced slightly. On first glance, the
center region, 0.6 to 1.6, appears to show no correlation
with theory and too much structure. However, closer inspec-
tion reveals that if the peaks of the three maxima in this
region were connected and all points leading to and
departing from the minima were disregarded the resulting
curve would parallel the contour of the predicted curve.
Clearly, phase interference was responsible for the observed
structure in the region as the minima were distinguishable
points on the oscilloscope. This would indicate that,
perhaps, the interference was caused by some undetected
physical aspect of the experimental facility.
Figure 4-3 ( P = 4.12,^= 1-03 ) is an excellent example
of the predicted profile peakiig at a pressure maximum and
then experiencing a succession of minima and maxima. Ihe
measured maximum pressure coincides with theory, while the
remaining profile mirrors the successive minima and maxima.
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In each instance the maxima were of less amplitude, but the
similarity of the profiles is otvious.
Figure 4.4 <
-f^ = 6.0, <f^ = 3.0 ) indicates the experi-
mental data in the central region, 1.0 to 1.75, compares
favorably with theory while ir the shallower and deeper
depths the profile is similar, but shifted in opposite
directions. The depth of maximum pressure plots signifi-
cantly deeper than predicted.
Figure 4.5 (
-B = 6.0, ^ = 1.5 ) presents excellent
correlation with theory. The pressure maxima and minima are
of similar amplitude and the experimental curve has only
minor lateral displacement.
Figure 4.6 { 3 = 8.0, 't = 4. ) reveals the first true
indication of a possible breakdown in the theory. There is
a vague similarity between the curves in the upper half of
the profile (left half of the figure). The lower half of
the profile (right half of the figure) produces no apparent
correlation between curves. Dnlike the predicted curve, the
measured profile experiences a rapid succession of minima
and maxima.
Figure 4.7 ( ^ = 8. 0, "^ = 2 .0 ) depicts better correla-
tion between curves. The maxiaum pressure is closer to the
predicted depth. Although the latter half of the figure
provides minimal correlation, at more shallow depths the
profile has much more structure than expected.
At this juncture an assessment of the previous data was
in order. A thorough inspection of the physical apparatus
was conducted to determine if the equipment had been
correctly positioned. Initially it was thought that the
rubber cones, set in the bottom of the tank, were causing an
interference pattern so they were removed. Additionally,
the projector's active face and the bottom of the mylar
membrane (water side) were brushed off to remove any bubbles
which might have formed on their surfaces, although none
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were visible . All indications were that the geometrical
parameters and eguipraent were set properly. Nevertheless,
fluid was extracted from the enclosure and the wedge angle
process repeated in preparation for retaking the eight
degree wedge angle data. Dnf crtunately, the results were
similar to those obtained previously.
Because of obtaining relatively poor correlation at
wedge angles from eight to nine degrees, the prospects of
the theory being applicable at such large angles appeared
bleak. Yet, as indicated in Pigure 4.8 ( f3 = 10.0, ^ = 5.0
) , the measured data provided one of the best correlations
of the experiment. At shallow depths the data mirrored the
predicted curve while at other depths it paralleled the
predictions nicely.
Figure U.9 ( 3 = 10.0, V^ = 2- 5 ) reveals little apparent
correlation, although at the shallow end of the figure the
experimental curve proceeds alcng a route similar to the
predicted curve, but at much reduced amplitude. At the
predicted depth of maximum pressure, the experimental data
plunges to its minimum value, but is immediately followed by
a curve rising rapidly to its maximum. Once again
inspecting the measured curve from an optimistic vantage
point, had the minimum not been as severe the experimental
results would have likely paralleled the contour of the
predicted curve for almost the entire nondimensional depth,
albeit at a much reduced amplitude-
B- PHASE II - COMPAEISOH OF PEESSOBIZED AND NONPEESSOEIZED
EESUITS
The enclosure was pressurized and data measurements for
two projector depths at each wedge angle were taken.
Projector angles were as follows: 2-06 and 1.03 , 3-0 and
1.5, and U.O ana 2.5 degrees at wedge angles of 4.12, 6.0,
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and 8.0 degrees respectively. Figure 4.10 through 4.15
provide individual comparisons between experimental data
under pressure and theoretical predictions. Figures 4.16
through 4.22 compare pressurized and nonpressurized experi-
mental data.
Figure 4.10 iP = 4.12, ^ = 2.06 ) shows that experi-
mental data correlates well with the maximum pressure,
however, the remaining profile only vaguely resembles the
predicted curve. Again, if a line were drawn to connect the
peaks of the three maxima immediately following the maximum
pressure, a case could be made for an exceptional agreement
between the two pressure profiles, except at a depth of 2.5
where the curves diverge.
Figure 4.11 { 3 = 4.12, t = 1.03) reveals excellent
correlation with the depth of maximum pressure. Subsequent
minima and maxima are present but at significantly lower
amplitudes than predicted. After a depth of 1.15 the exper-
imental curve ceases to resemble the predicted curve.
Figure 4.12 ( 3 = 6.0, t = 3.0 ) indicates that the data
parallels the predictions, particularly in the latter half
of the figure. The maximum pressure is in the vicinity of
that predicted, however, much greater detailed structure
preceeds and follows the experimental maximum pressure.
Figure 4.13 ( P = 6.0, t = 1. 5 ) provides good correla-
tion between theory and experimental data, especially in the
depth region, 0.5 to 1.7, which includes the maximum pres-
sure depth. The region of 1.7 to 2.5 resembles theory but
the alignment is skewed towards shallower depths.
Figure 4.14 (3 = 8.0, ^ = 4.0 ) shows a vague resemb-
lance to theory in the shallow half of the figure. The
depth of the maximum pressure occurs at 1.25 near the posi-
tion where theory predicts the location of the second pres-
sure maximum. A maximum does coincide with the depth of the
predicted maximum pressure, however, it is only 56 percent
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of the amplitude of its counterpart. Data recorded from
greater depths bore no resemblance to theory.
Figure 4.15 ( P = 8.0/ ^ = 2.0 ) shows general agreement
between the two curves, but the measured data demonstrated
more structure, particularly in the regions on either side
of the maximum pressure. The maximum pressure depth is in
agreement with theory.
Generally, pressurized and nonpressurized data were in
agreement with one another as was expected and can be viewed
in Figures 4.16 through 4.21. However, it was anticipated
that the pressurized data would correlate better with the
theoretical predictions, but this did not prove to be the
case. A possible reason for this is that no precise meas-
urement of the pressure could te made with the experimental
facility. It was thought that visual determinations of the
pressure would be adequate in view of the minute pressure
required. It is possible that the enclosure may have been
overpressurized. Thus, the ilylar would tend to bow into the
water disrupting the geometry of the fluid wedge. It was
noted that when the enclosure was purposely overpressurized
the observed voltage amplitude decreased. -
C. PHASE III - DEPTH OF FIfiST BAXIMOM PRESSORE VERSUS WEDGE
ANGLE
Figures 4.22 and 4.23 present graphical summaries of the
comparison between theory and nonpressurized data depicting
depths of the first maximum pressure as a function of wedge
angle. Figure 4.22 is for the projector angle elevation at
one-half the wedge angle. As can be seen from the figure,
theory predicts a rather flat curve which oscillates between
nondimensional depths of 0.27 to 0.4. The measured results
provide favorable agreement through the range of wedge
angles-
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Figure U.23 is the summary for the projector elevation
angle at one quarter the wedge angle. The predicted curve
is generally flat with an increasing slope. One small
maximum is located at a nondimensional depth of 0.63. The
experimental data increases in slope as the wedge angle
increases- The slope is greater than predicted and the
appearance of the curve indicates greater fluctuations.
Despite these facts, the experimental data is considered in
agreement with theory.
D. PHASE IV - IMPACT OF PROJECTOR LOCATION ON THE PRESSURE
PROFILE
Figure 4.24 { (3 = 10.0, "^ = 5.0 ) shows the experimental
results when the projector was relocated from Access C to
Jiccess B. The new location placed the projector at a
distance 57.0 cm from the wedge apex but still in the far-
field. As indicated, the curves do not correlate, except
that the maximum pressure depths are in the vicinity of one
another. Differences in the curves are not surprising since
the computer model was designed for sources at infinite
distance and small wedge angles. This particular data event
is a worst case scenario as the projector is closer to the
apex, thus the far-field boundary, and has a large wedge
angle of ten degrees. The abcve not withstanding, relo-
cating the projector closer to the apex reduces the number
of dump points. A reduction cf dump points equates to a
reduction in the number of beams transferred into the subs-
trate to interact and cause phase interferences. The
signals received during the data event were exceptionally
well formed throughout the entire nondimensional depth. The
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7. CO NCI OS IONS
The experimental data confirms that the pressure profile
beneath the apex of a fluid wedge overlying a fast bottom is
a highly structured sound field. In general, the profile
presents a first maximum ( usually the maxium pressure
amplitude) at a relatively shallow depth and then experi-
ences a succession of minima and maxima. In a significant
number of instances the depth at which the maximum pressure
occurred matched the predicted depth. The remainder of the
profile was usually displaced toward deeper depths with
their maxima rarely achieving the pressure amplitudes
predicted. On the other hand, the minima occurred consis-
tently at the same depth ard amplitude as predicted-
Although wedge angles of U.12 and 8.0 degrees exhibited
several eratic phase interference patterns in the region of
the second maximum, the overall similarities between the
experimental and predicted curves is unmistakable.
The depth at which the maximum pressure occurred
remained relatively constant throughout the wedge angles
from two to ten degrees when the projector elevation angle
was set at one-half the wedge angle. When the projector was
repositioned to an elevation angle of one-guarter the wedge
angle, the data demonstrated that the depth of maximum pres-
sure increased steadily as the wedge angle increased. Thus,
for both projector elevation positions experimental and
theoretical predictions were in agreement.
Analysis of the results tetween the pressurized and
nonpressurized conditions reveals that the data is in agree-
ment with each other but, that the data obtained during
nonpressurized conditions were the preferred data when
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compared against theory. This conclusion was not antici-
pated. The difference in the densities of the fluids
demanded that a downward force was required to counteract
the superior hydrostatic force acting upward on the Mylar
membrane. The only plausible explanation is that the enclo-
sure must have been overpressurized, thus altering the
geometrical parameters, wedge angle and projector elevation
angle. The data shows an improvement between the curves of
the two conditions as wedge angle increased. This improve-
ment is attributed to the proficiency in techniques required
to set the proper geometric parameters, rather than indi-
cating that agreement was obtained at a particular angle or
to the overall increasing of the wedge angle.
Particularly interesting are the results obtained in the
eight degree angle. Both pressurized and nonpressurized
conditions are in agreement. Yet, they demonstrate several
distinct differences with the predicted profile. First, at
the predicted depth cf the pressure maximum, experimental
data indicates that a maximum exists, but the pressure
amplitude is 30 to 45 percent below the prediction.
Secondly, the data indicates that the depth of maximum pres-
sure occurs at the depth of the second largest maximum. The
maximum pressure is 15 percent greater than predicted at
that depth location. Clearly, experimental error could be
the culprit, however, four accepted data events and several
additional measurements were conducted and all confirmed the
measured results. This implies that additional interference
mechanisms are at work at this wedge angle. Although
profiles for the angles between 8.0 and 10.0 degrees were
not investigated thoroughly, indications suggest that
similar problems exist.
The relocation of the projector to a position closer to
the apex affected the pressure profile. The measured data
does not resemble the predicted curve except that the depths
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of maximum pressure do occur near one another in the shallow
depth region. This is not surprising in that less energy is
allowed to transfer to the sutstrate, thus reducing the
potential interference caused by the individual beams of
sound.
A final note regarding the pressure field beneath the
apex is required. As Receiver B was lowered in the water,
its acoustic center would occasionally swing off the-
vertical plane of the projector's acoustic axis- It was
observed that at depths of pressure maxima the pressure
observed on either side of the vertical plane was less than,
but near the value of the maximum. However, at depths were
a mininium was observed the surrounding region indicated very
much higher amplitudes. Rarely did a minimum occur on the
entire horizontal plane, while on several occasions it did
not matter if the receiver was perfectly aligned on the
vertical plan of the acoustical axis because the entire
horizontal plane was at the same maximum amplitude.
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71. R ECO MM| STATIONS
The following recommendaticns are provided to improve
the eguipment facility and thus, improving upon the preci-
sion and accuracy of the experinent:
A. A mechanical device is needed which would lower the
receiver in the water while maintaining its alignment
in the vertical plane of the projector's acoustic
a:<is. The numter of data points required to complete
a data event was a function of wedge angle and ranged
from 7U to 32 joints. The time to make those meas-
urements was from 4 to 7 hours, but more importantly
it required continuous blocks of time when the param-
eters and electronic equipment were stable. Manually
lowering the receiver creates depth and alignment
errors while reducing valuable time which should be
reserved for follow-up readings to verify the data.
B. Although visual integration was a viable way to
measure the data, an HP 85 computer with the inter-
face to tap into the Nicolet oscilloscope would
provide rapid data collection and assessment while
making significant gains in accuracy. The addition
of computerized data taking should be made in
conjunction with the mechanical device recommended
above.
C. The Mylar membrane has proven on a number occasions
that it possesses the tensile strength to separate
the liquids and not rupture. In order to reduce
bottom reflections the enclosure should be suspended
over a large anechoic water tank instead of the
wooden tank.
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D- Pressurizing the enclosure is still believed to te
the raost viable method cf ensuring that the forces
acting on the membrane are equalized. Therefore, a
manometer should be installed to accurately control
the pressure "within the enclosure.
E. The computer model should be revised to account for a
source at a finite distance and to accept the correct
absorption input. A value of 0.00 1 was used for the
predicted data, however the correct value was
0.0000005. Additionally, it would be most convenient
if the program allowed an entire range of variables
to be accepted at one time. Presently only one set
of parameters are accepted, thus requiring excessive
amounts of time to retrieve predicted results for an
entire range of wedge angles, one angle at a time.
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